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INTRODUCTION 

I f  i t  i s  meaningful t o  s i n g l e  out  one c h a r a c t e r i s t i c  of c o a l  a s  having unique 
importance, t h a t  d e s i g n a t i o n  would have t o  go t o  t h e  dynamic n a t u r e  of c o a l ' s  
chemical and p h y s i c a l  p r o p e r t i e s .  
c o a l  can and o f t e n  do undergo s u b s t a n t i a l  changes a f t e r  removal of t h e  coa l  
from i t s  n a t u r a l  environment. This  phenomenon is known a s  weathering and can 
a l t e r  t h e  c o a l ' s  c a l o r i f i c  va lue ,  b e n e f i c i a t i o n ,  coking,  l i q u e f i c a t i o n ,  and 
g a s i f i c a t i o n  c h a r a c t e r i s t i c s .  Weathering a l s o  i n f l u e n c e s  s tandard  t e s t s  and 
o t h e r  experimental  r e s u l t s ,  and t h u s  has  important  i m p l i c a t i o n s  with respect  
t o  fundamental r e s e a r c h  on t h e  s t r u c t u r e  and p r o p e r t i e s  of c o a l .  This  shor t  
review focuses  on t h e  incomplete  s t a t e  of o u r  knowledge of t h e  causes ,  e f f e c t s  
and i m p l i c a t i o n s  of c o a l  weather ing.  

The chemical  and p h y s i c a l  p r o p e r t i e s  of 
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CAUSES AND EFFECTS OF COAL WEATHERING 

Weathering commences once t h e  c o a l  i s  unearthed and/or  removed from the  coa l  
seam u n l e s s  p r e c a u t i o n s  a r e  taken  t o  prevent  i t s  exposure t o  oxygen ( a i r )  and 
changes i n  temperature  and humidity. 
subsequent r e a c t i o n  wi th  t h e  oxygen i n  a i r  is  recognized as t h e  m o s t  important 
c o n t r i b u t o r  t o  weather ing.  The r e a c t i o n  of t h e  c o a l  w i t h  oxygen occurs  
r e a d i l y  a t  ambient tempera ture ,  r e s u l t s  p r i m a r i l y  i n  o x i d a t i o n  of t h e  c o a l ' s  
organic  c o n s t i t u t e n t s ,  and l e a d s  t o  an i n c r e a s e  i n  t h e  oxygen content  and a 
decrease i n  t h e  atomic hydrogen-to-carbon r a t i o  of t h e  c o a l  (1-5). 

The genera l  o u t l i n e s  of t h e  o x i d a t i o n  of c o a l ' s  o rganic  c o n s t i t u e n t s  by oxygen 
have been w e l l  c h a r a c t e r i z e d .  Peroxides  have been d e t e c t e d  a s  t r a n s i e n t  
in te rmedia tes  i n  t h e  e a r l y  s t a g e s  of c o a l  o x i d a t i o n  ( 3 , 6 , 7 ) ,  and it i s  
g e n e r a l l y  thought t h a t  decomposi t ion of t h e  peroxides  l e a d s  t o  c r e a t i o n  of the  
new oxygen-containing f u n c t i o n a l  groups (3,6-13). 
carbonyl  and carboxyl  groups,  and e t h e r  l i n k a g e s  have been d e t e c t e d  o r  
i n f e r r e d  from w e t  chemical  and s p e c t r o s c o p i c  d a t a  (4,7,12-21). I n  g e n e r a l ,  
t h e  chemical s t r u c t u r a l  changes t h a t  accompany c o a l ' s  o x i d a t i o n  a t  low 
temperatures  (from ambient t o  20OoC) by molecular  oxygen a r e  s t r o n g l y  
dependent upon c o a l  rank, p a r t i c l e  s i z e ,  oxygen p a r t i a l  p r e s s u r e ,  moisture  
conten t ,  and temperature  (1-5,17,22,23) .  Considerable  u n c e r t a i n t y  s t i l l  
e x i s t s ,  however, concerning t h e  mechanisms whereby t h e  peroxides  a r e  formed 
and subsequent ly  decompose. 

The exposure of c o a l  t o  and i t s  

The format ion  of hydroxyl, 
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Perhaps t h e  most e l u s i v e  a s p e c t  of  t h e  r e a c t i o n  of c o a l  w i t h  oxygen has been 
i d e n t i f i c a t i o n  of t h e  i n i t i a t i o n  r e a c t i o n ,  t h e  s t e p  by which t h e  o x i d a t i o n  
r e a c t i o n  g e t s  s t a r t e d .  
e l e c t r o n s ,  one on each oxygen atom, and behaves a s  a d i r a d i c a l  (-0-0.) i t  i s  
too  unreac t ive  t o  be t h e  s p e c i e s  which a c t u a l l y  o x i d i z e s  t h e  c o a l .  However, 
t h e  f a c t  t h a t  c o a l  a l r e a d y  c o n t a i n s  s u b s t a n t i a l  c o n c e n t r a t i o n s  of carbon 
r a d i c a l s  ( 1 2 , 2 4 - 2 6 )  sugges ts  t h e  p o s s i b i l i t y  t h a t  i n i t i a t i o n  may occur  by 
r e a c t i o n  between molecular  oxygen and a carbon r a d i c a l  i n  t h e  c o a l  t o  form a 
peroxy r a d i c a l  (Coal-000). 
i n i t i a t o r  f o r  f r e e  r a d i c a l  cha in  r e a c t i o n s  which lead  t o  peroxides  and t h e i r  
decomposition products .  
decomposition of t h e  peroxides ,  however, i s  not  unequivocal .  S ince  water ,  a 
p r o t i c  so lvent ,  i s  i n v a r i a b l y  present  i n  c o a l  and has  been observed t o  
f a c i l i t a t e  the  o x i d a t i o n  of c o a l  by oxygen (2 ,3 ,5 ,22 ,23)  t h e  decomposition of 
t h e  in te rmedia te  peroxides  might a l s o  occur ,  a t  l e a s t  i n  par t ,  v i a  i o n i c  
r e a c t i o n  mechanisms ( 2 7 ) .  C l e a r l y ,  many of t h e  mechanis t ic  a s p e c t s  of t h e  
o x i d a t i o n  of c o a l  by oxygen remain unresolved and p r e s e n t  c h a l l e n g i n g  problems 
f o r  f u r t h e r  explora t ion .  

The r e a c t i o n  of c o a l  w i t h  oxygen i s  a l s o  n o t o r i o u s  f o r  i t s  i d i o s y n c r a s i e s .  
One of t h e s e  i s  t h a t  t h e  thermoplas t ic  p r o p e r t i e s  of bituminous and 
subbituminous c o a l s  a r e  o f t e n  e x t e n s i v e l y  a l t e r e d  long b e f o r e  changes can be 
d e t e c t e d  i n  the  c o a l ' s  chemical composition (1 ,2 ,5 ,28 ,29) .  I n  g e n e r a l ,  
exposure of the  c o a l  t o  oxygen a t  ambient temperature  can r e s u l t  i n  a very 
rapid reduct ion i n  t h e  f l u i d i t y  t h a t  i t  e x h i b i t s  when heated and a s i g n i f i c a n t  
narrowing of i t s  p l a s t i c  temperature  range (5,10,28-30). The loss of t h e  
c o a l ' s  thermoplas t ic  p r o p e r t i e s  sugges ts  t h a t  a more h ighly  c ross - l inked  
macromolecular s t r u c t u r e  has been formed which w i l l  not  e a s i l y  m e l t  and f low 
when heated.  However, t h e  exac t  n a t u r e  of t h e  changes t h a t  occur  i n  t h e  
c o a l ' s  macromolecular s t r u c t u r e  which adverse ly  a f f e c t  i t s  thermoplas t ic  
p r o p e r t i e s  remain p o i n t s  of c o n s i d e r a b l e  u n c e r t a i n t y  and i n t e r e s t .  

The weathering of c o a l ' s  inorganic  c o n s t i t u e n t s ,  i n  s h a r p  c o n t r a s t  t o  t h e  
s i t u a t i o n  with c o a l ' s  o rganic  c o n s t i t u e n t s ,  i s  q u i t e  w e l l  understood.  Except 
f o r  t h e  i r o n  bear ing minera l  p y r i t e  which i s  r e a d i l y  a i r -oxid ized ,  t h e  c o a l ' s  
inorganic  c o n s t i t u e n t s  apparent ly  remain unchanged by weather ing (31-33). The 
p y r i t e  i n  coa l  is  oxid ized  i n i t i a l l y  t o  i r o n  s u l f a t e s ,  which a r e  then 
transformed t o  i r o n  oxyhydroxide (33) .  P y r i t e  o x i d a t i o n ,  a s  expected,  is 
a c c e l e r a t e d  by i n c r e a s i n g  humidity, t empera ture ,  and oxygen p a r t i a l  p ressure .  
Although o x i d a t i o n  of t h e  c o a l ' s  o r g a n i c  and i n o r g a n i c  c o n s t i t u e n t s  occur  
s imultaneously,  they are g e n e r a l l y  regarded as q u i t e  s e p a r a t e  processes .  

Another c o n t r i b u t o r  t o  weather ing i s  t h e  s t r e s s e s  caused by c y c l i c  s o r p t i o n  
and desorp t ion  of moisture  which produce f i s s u r e s  and c r a c k s  t h a t  mechanically 
weaken t h e  c o a l  (2 ,5 ,34) .  T h i s  d e c r e p i t a t i o n  phenomenon i s  r e f e r r e d  t o  a s  
s lackening.  The thermal  cyc l ing  of c o a l  a l s o  c o n t r i b u t e s  t o  s lackening.  
Slackening i s  much more rapid and e x t e n s i v e  f o r  l i g n i t e s  and subbituminous 
c o a l s  than f o r  h igher  rank c o a l s  (5 ,34) .  Slackening can a l s o  a c c e l e r a t e  
o x i d a t i o n  by i n c r e a s i n g  t h e  exposed s u r f a c e  a r e a  of t h e  c o a l  t o  a i r .  
o x i d a t i o n  can be a c c e l e r a t e d  by s lackening ,  i t s  p o s s i b l e  p a r t i c i p a t i o n  i n  and 
importance t o  s lackening has  not  been s t r e s s e d  o r  s t u d i e d .  The o x i d a t i o n  of 
c o a l ' s  o rganic  c o n s t i t u e n t s  could p a r t i c i p a t e  i n  s lackening  through t h e  
c r e a t i o n  of new hydrophi l ic  s i t e s  which would promote mois ture  sorp t ion .  

Although t h e  oxygen molecule has  two unpaired 

The peroxy r a d i c a l  could then  s e r v e  a s  t h e  

The evidence f o r  f r e e - r a d i c a l  c h a i n  processes  f o r  the  

Although 
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TECHNOLOGICAL ASPECTS OF COAL WEATHERING 

The changes i n  c o a l ' s  chemical  and p h y s i c a l  p r o p e r t i e s  produced by weathering 
may a f f e c t  t h e  s u i t a b i l i t y  of t h e  c o a l  f o r  e x i s t i n g  and f u t u r e  technologica l  
uses. C o a l ' s  major domest ic  u s e s  i n c l u d e :  d i r e c t  combustion f o r  e l e c t r i c i t y  
genera t ion  and f o r  i n d u s t r i a l  p rocess  h e a t ,  steam and power genera t ion ;  and 
conversion t o  coke f o r  s teel  product ion  ( 3 5 ) .  Coal-based s y n t h e t i c  f u e l  (gas  
and l i q u i d )  and chemical technologies  a r e  c u r r e n t l y  under development. 
Coal-water and c o a l - o i l  s l u r r i e s  a r e  a l s o  being i n v e s t i g a t e d  a s  p o t e n t i a l l y  
economical means of conver t ing  s o l i d  c o a l  i n t o  a form s u i t a b l e  f o r  t r a n s p o r t  
through p € p e l i n e s  and use a s  a l i q u i d - l i k e  f u e l .  

Oxidat ion reduces t h e  c a l o r i f i c  va lue  of c o a l .  Low rank c o a l s  w i l l  l o s e  about 
190 Btu-per-pound f o r  each  1% i n c r e a s e  i n  oxygen content  while  high rank coa ls  
w i l l  l o s e  about 240 Btu-per-pound f o r  each  1% i n c r e a s e  i n  oxygen content  (34). 
The oxygen content  of f r e s h l y  mined and crushed l i g n i t e  c o a l s  can  i n c r e a s e  
s e v e r a l  percent  i n  a m a t t e r  of weeks when t h e  c o a l  is  s t o r e d  i n  a i r  a t  ambient 
temperature. Such r a p i d  o x i d a t i o n  can l e a d  t o  spontaneous combustion of the  

_ _ _  -- coal  under c e r t a i n  s t o r a g e  c o n d i t i o n s  (34,36) .  ~ _. 

Oxidat ion a l s o  conver t s  c o a l  t o  a more h y d r o p h i l i c  m a t e r i a l  which makes 
b e n e f i c i a t i o n  more d i f f i c u l t .  The purpose of b e n e f i c i a t i o n  is t o  upgrade the 
q u a l i t y  of t h e  c o a l  so  t h a t  i t  c a n  meet s p e c i f i c  end-use requirements. 
B e n e f i c i a t i o n  is p r i m a r i l y  c a r r i e d  out  t o  reduce t h e  minera l  m a t t e r  ( inc luding  
p y r i t e )  and c l a y  conten t  of t h e  c o a l .  Oxida t ion  reduces t h e  
hydrophobici ty-hydrophi l ic i ty  d i f f e r e n c e s  between c o a l ' s  o rganic  c o n s t i t u e n t s  
and mineral  m a t t e r  which, i n  t u r n ,  makes i t  more d i f f i c u l t  t o  s e l e c t i v e l y  
s e p a r a t e  minera l  m a t t e r  p a r t i c l e s  on t h e  b a s i s  of t h e i r  hydrophi l ic  s u r f a c e  
p r o p e r t i e s  (37-39). T h i s  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  e f f i c i e n c y  of 
b e n e f i c i a t i o n  by f l o t a t i o n ,  agglomerat ion and f l o c c u l a t i o n  processes .  

The new oxygen-containing f u n c t i o n a l  groups t h a t  a r e  c r e a t e d  when t h e  c o a l  is 
oxidized a l s o  i n c r e a s e  its a d s o r p t i v e  a f f i n i t y  f o r  p o l a r  molecules  such as 
water  a s  wel l  as i t s  water s o l u b i l i t y  (40-42). 
d ry ing  of c o a l  becomes more energy i n t e n s i v e  and less e f f i c i e n t  a s  t h e  c o a l ' s  
degree of o x i d a t i o n  i n c r e a s e s .  The s t a b i l i t y  and v i s c o s i t y  of coal-water  and 
c o a l - o i l  s l u r r i e s  would a l s o  be a f f e c t e d  by t h e  more p o l a r  s u r f a c e  p r o p e r t i e s  
of p a r t i c l e s  of oxidized c o a l .  A d d i t i o n a l l y ,  t h e  peroxides  produced dur ing  
c o a l  ox ida t ion  could p o t e n t i a l l y  have a d e t r i m e n t a l  a f f e c t  on t h e  s t a b i l i t y  
and v i s c o s i t y  of c o a l - o i l  s l u r r i e s .  

The d e t r i m e n t a l  e f f e c t s  of o x i d a t i o n  on a c o a l ' s  s u i t a b i l i t y  f o r  producing 
high-qual i ty  m e t a l l u r g i c a l  coke have been e x t e n s i v e l y  s t u d i e d  (1,2,5,16,28,43)  
and a r e  w e l l  understood from a p r a c t i c a l  viewpoint. 
inc lude  reduct ion  i n  coke s t r e n g t h ,  c o a l  bu lk-dens i ty-cont ro l  problems, 
overheated charges,  carbon d e p o s i t s  lead ing  t o  oven damage, coke handl ing 
problems, and reduced coke y i e l d s  as a r e s u l t  of increased  coke breeze ,  
increased  coke r e a c t i v i t y  and decreased  coking r a t e  (1 ,2 ,5 ,16 ,43) .  One 
important  e f f e c t  of o x i d a t i o n  is t o  d e s t r o y  t h e  c o a l ' s  thermoplas t ic  
p r o p e r t i e s  which, i n  t u r n ,  p r e v e n t s  i t s  organic  components from adequate ly  
f u s i n g  and binding t o g e t h e r  d u r i n g  t h e  coking process .  
reduct ion  i n  coke s t r e n g t h  and y i e l d .  

Hence, t h e  dewater ing and 

The adverse  e f f e c t s  

This  r e s u l t s  i n  a 
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The e f f e c t s  of ox ida t ion  on c o a l ' s  behavior  dur ing  thermal  process ing  can be 
predic ted  t o  be profound but have not  been e x t e n s i v e l y  i n v e s t i g a t e d .  
oxygen-containing f u n c t i o n a l  groups t h a t  a r e  c r e a t e d  when t h e  c o a l  i s  oxid ized  
w i l l  lead t o  increased  y i e l d s  of carbon monoxide and carbon d i o x i d e  a t  t h e  
expense of t a r  and/or  l i q u i d  y i e l d s  during g a s i f i c a t i o n ,  l i q u e f a c t i o n ,  
p y r o l y s i s ,  and thermal  depolymerizat ion i n  non-hydrogen-donating s o l v e n t s  
( 1 , 2 , 4 , 4 3 - 4 7 ) .  
t h a t  accompanies o x i d a t i o n  w i l l  a l s o  reduce i t s  swel l ing  dur ing  h e a t i n g ,  
e x t r a c t a b i l i t y  by organic  s o l v e n t s ,  and tend t o  i n c r e a s e  t h e  molecular  weight 
d i s t r i b u t i o n  of t h e  e x t r a c t a b l e  m a t e r i a l  and low-temperature p y r o l y s i s  tars  
( 1 , 2 , 4 6 , 4 7 ) .  An enhancement of c h a r  s u r f a c e  a r e a  (by a f a c t o r  of up t o  10)' 
and g a s i f i c a t i o n  r e a c t i v i t y  (by a f a c t o r  of up t o  4 0 )  has a l s o  been observed 
a s  a consequence of t h e  preoxida t ion  of bituminous c o a l s  ( 4 8 ) .  

The new 

The increased  cross - l ink ing  of c o a l ' s  macromolecular s t r u c t u r e  

CONCLUSIONS 

The changes brought about by weather ing t h a t  a f f e c t  t h e  s u i t a b i l i t y  of c o a l  
f o r  e x i s t i n g  and f u t u r e  t e c h n o l o g i c a l  u s e s  have a very d e f i n i t e  molecular  
b a s i s .  A t  a molecular l e v e l ,  however, we a r e  f o r  t h e  most p a r t  a t  a very 
p r i m i t i v e  l e v e l  of understanding of t h e  weather ing process .  I n  s p i t e  of t h e  
recent  research  i n t e r e s t  t h a t  has been shown i n  t h i s  important  phenomenon, 
i n s u f f i c i e n t  d e f i n i t i v e  experimental  d a t a  e x i s t  t o  permit  a d e t a i l e d  
mechanis t ic  d e s c r i p t i o n  t o  be w r i t t e n  which accounts  f o r  t h i s  phenomenon's 
complexi t ies  and i d i o s y n c r a s i e s .  The complexi ty  of t h e  c o a l  i t s e l f  
c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  exper imenta l  d i f f i c u l t i e s .  Hence, p r o g r e s s  
i n  e l u c i d a t i n g  t h e  mechanis t ic  d e t a t l s  of weather ing w i l l  r e q u i r e  a more 
aggress ive  approach and he lp  from many d i s c i p l i n e s .  
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